Diabetes mellitus (DM) is a group of metabolic diseases characterized by increased blood glucose levels (hyperglycemia). This abnormal elevation in blood glucose occurs as a result of defects in insulin secretion, insulin activity, or both \[[@r22]\]. Type 1 DM results from the autoimmune destruction of pancreatic β-cells, which leads to insulin deficiency, a defect that may cause hyperglycemia, polydipsia, polyuria, polyphagia, ketoacidosis, and other abnormalities \[[@r5], [@r8]\].

Experimentally, type 1 DM can be induced by the injection of streptozotocin (STZ), which exerts selective toxicity to pancreatic β-cells and therefore induces diabetes \[[@r35]\]. Rats injected with STZ show a marked decrease in pancreatic insulin content and hyperglycemia; thus, they are a suitable model for insulin-dependent diabetes (Type 1) \[[@r38]\].

Type 1 DM appears to be the most common form of canine diabetes \[[@r31]\], and insulin injections are commonly used as an effective treatment for long-term glycemic control, as in the case of humans \[[@r12]\]. However, insulin therapy significantly increases the risk of hypoglycemia, which may be life-threatening \[[@r6]\].

Recently, glucose reabsorption by the renal proximal tubule has been shown to play an essential role in glucose homeostasis \[[@r24]\]. Glucose reabsorption from the glomerular filtrate into the renal tubular epithelial cells is mediated by sodium glucose co-transporters (SGLT) \[[@r30]\]. These co-transporters comprise six isoforms that are specialized in the cotransport of sodium and glucose across different cell types \[[@r28], [@r41]\]; the two major isoforms are SGLT1 and SGLT2 \[[@r28]\]. Approximately 90% of the filtered glucose is reabsorbed through SGLT2, a low-affinity, high-capacity transporter located predominantly in the S1 segment of the renal proximal tubule, and the remainder is reabsorbed through SGLT1, a high-affinity, low-capacity transporter located in the S2 and S3 segments \[[@r16], [@r30], [@r40]\]. Therefore, SGLT2 plays an important role in renal glucose reabsorption \[[@r2]\]. This provides the basis for the clinical development of SGLT2 inhibitors, which inhibit glucose reabsorption, and results in the induction of urinary glucose excretion followed by reduced plasma glucose levels \[[@r15]\]. As SGLT2 inhibitors have an insulin-independent mechanism, this class of compounds may be of benefit as an adjunctive therapy in patients whose pancreatic function is diminished, or in patients who have insulin resistance. Therefore, treatment with SGLT2 inhibitors may be appropriate in all stages of type 2 DM \[[@r17]\]. Previous studies have shown that this class of drugs may also be useful in the treatment of type 1 DM \[[@r13], [@r42]\]. Dapagliflozin is a selective SGLT2 inhibitor. Our study examined whether the combination of dapagliflozin with a low dose of insulin could be effective in the treatment of diabetes in a rat model of type 1 diabetes. We evaluated the effect of treatment mainly through evaluation of hyperglycemia, hyperlipidemia, and antioxidant status.

MATERIALS AND METHODS {#s1}
=====================

Materials
---------

Streptozotocin was purchased from Sigma-Aldrich Co. (St. Louis, MO, USA). Insulin (humulin N) was purchased from Eli Lilly & Co. (Tokyo, Japan). For administration, insulin was diluted with physiological saline and administered subcutaneously. Dapagliflozin was purchased from Cayman Chemical Co. (Ann Arbor, MI, USA). To prepare the stock solution, dapagliflozin was dissolved in ethanol, and then stored at −20°C. Prior to use, dapagliflozin was diluted in phosphate buffer saline and administered orally.

Animals
-------

Forty 7-week-old male Sprague-Dawley rats were purchased from Sankyo Labo Service Corp., Inc. (Tokyo, Japan). The rats were subjected to a 1-week adaptation period prior to the start of the experiment. The rats were housed in stainless steel cages at a controlled temperature of 21 ± 1°C with a 12-hr light/dark cycle. The rats were provided with a standard commercial diet from Sankyo Labo Service Corporation, Inc. and given *ad libitum* access to water. All animals were maintained in accordance with the Guide for the Care and Use of Laboratory Animals, and as specified in the experimental protocol approved by the Ethics Committee of the Faculty of Agriculture, Tokyo University of Agriculture and Technology (approval number 28-37).

Induction of diabetes
---------------------

Streptozotocin (STZ) was dissolved in 0.1 M citrate buffer (pH=4.5). The rats were pretreated with a single intraperitoneal injection of 60 mg/kg STZ to induce experimental diabetes. The manifestations of diabetes mellitus were confirmed through the measurement of blood glucose level at 72 hr following STZ injection.

Experimental design
-------------------

After confirmation of the induction of diabetes in the STZ-injected rats, the animals were divided into groups and subjected to the following treatments for 3 and 8 weeks:

Group 1 (n=4), control animals; group 2 (n=4), diabetic untreated animals; group 3 (n=4), diabetic animals that received dapagliflozin at a dose of 0.1 mg/kg dose orally once per day \[[@r14]\]; group 4 (n=4), diabetic animals that received insulin treatment. Insulin doses were individually adjusted to maintain normoglycemic states; thus, insulin doses varied between 3 and 5 U/rat and were administered subcutaneously once per day. In a preliminary study, a dose of 2 U/rat of insulin alone did not sufficiently lower blood glucose. In group 5 (n=4), diabetic animals received a combination treatment of 0.1 mg/kg dapagliflozin orally once per day and insulin at a dose of 1.5--2.5 U/rat dose, which was administered subcutaneously once daily (half the insulin dose used in group 4).

Blood glucose levels and body weight were measured once per week. The animals in the 3- and the 8-week studies were sacrificed after 3 and 8 weeks of treatment, respectively. At the end of each study, the animals were anesthetized with isoflurane. The blood samples were collected from the abdominal vena cava and the tissues were removed after opening the abdomen. The blood samples were then centrifuged at 3,000 × *g* for 10 min at 4°C. The plasma was extracted and stored at −80°C prior to lipid profile analysis. The liver samples were stored at −80°C until analysis in the antioxidant assay. In the 8-week study only, tissues (pancreas, kidney and parts of the liver) from each animal were immediately fixed in 10% phosphate buffered formalin for histopathological examination.

Blood glucose measurement
-------------------------

The blood glucose levels were measured from a drop of blood obtained by tail vein puncture using Glutest Neo Alpha and a Glutest New Sensor purchased from Sanwa Kagaku Kenkyusho Co., Ltd. (Nagoya, Japan).

Biochemical analysis
--------------------

Plasma triglyceride and total cholesterol levels were analyzed by using a Fuji Dri-Chem 7000 (Fujifilm Corp., Tokyo, Japan).

Liver antioxidants
------------------

Briefly, for the glutathione (GSH) assay, parts of the liver were homogenized in cold phosphate buffer, and centrifuged at 10,000 × *g* for 15 min at 4°C. The supernatants were deproteinated prior to use in the GSH assay kit (Cayman Chemical Co.). In the superoxide dismutase (SOD) assay, the liver tissue was homogenized in cold sucrose buffer (0.25 M sucrose, 10 mM Tris, 1 mM EDTA, pH 7.4), and centrifuged at 10,000 × *g* for 60 min at 4°C. The supernatants were subsequently used in the SOD assay kit (Dojindo Molecular Technologies, Japan).

Histopathology
--------------

Tissues from the liver, kidney, and pancreas were surgically removed from anesthetized animals, and immediately fixed in 10% neutral buffered formalin after 8-week experiments. The samples were embedded in paraffin blocks, and sliced into 5-*µ*m-thick sections. The sections were stained with hematoxylin and eosin, and periodic acid-Schiff (PAS), and subsequently examined under a light microscope.

Statistical analysis
--------------------

All data were presented as the mean ± standard deviation (SD). Analysis of variance (ANOVA) with Tukey's post hoc multiple comparison test was used for the statistical analysis of the data. *P* values of less than 0.05 were considered significant. Statistical analysis was computed by using GraphPad Prism 7 software.

RESULTS {#s2}
=======

In a preliminary study in which 2 U/rat of insulin alone was administered to diabetic rats, one of the diabetic rats was able to normalize blood glucose (132 mg/d*l*) and seven rats were unable to lower their blood glucose level (569 ± 40.9 mg/d*l*). As shown in [Fig. 1](#fig_001){ref-type="fig"}Fig. 1.Weekly blood glucose measurements to evaluate the hypoglycemic effect of treatment with dapagliflozin (0.1 mg/kg) alone, insulin (3--5 U/rat) alone, or a combination of dapagliflozin (0.1 mg/kg) and insulin (1.5--2.5 U/rat) in the 8-week study. The values are expressed as the mean ± standard deviation., the animals in the untreated diabetic group in the 8-week study developed severe hyperglycemia. Although the oral administration of dapagliflozin alone did not significantly decrease the blood glucose levels, the levels were significantly decreased in the high-dose insulin and the combination-treated groups. In the 3-week study (data shown in the [Supplementary Fig. 1](#pdf_001){ref-type="supplementary-material"}), the blood glucose levels were similar to the first 3 weeks of the 8-week study.

In the 8-week study, the body weight of animals in the untreated diabetic group and the dapagliflozin-treated group was not significantly increased compared with the normal growth observed in the control group ([Fig. 2](#fig_002){ref-type="fig"}Fig. 2.Weekly body weight measurements to evaluate the hypoglycemic effect of treatment with dapagliflozin (0.1 mg/kg) alone, insulin (3--5 U/rat) alone, or a combination of dapagliflozin (0.1 mg/kg) and insulin (1.5--2.5 U/rat) for the 8-week study. The values are expressed as the mean ± standard deviation. \**P*\<0.05 versus the control group.). In contrast, the body weight in groups treated with insulin alone and in combination with dapagliflozin was increased from the second week of treatment, in a comparable manner the control group. In the 3-week study (data shown in the [Supplementary Fig. 2](#pdf_001){ref-type="supplementary-material"}), the changes in body weight were similar to those in the first 3 weeks of the 8-week study.

In the 3-week study, the plasma total cholesterol levels were significantly increased in the untreated diabetic group compared with the control group. In the dapagliflozin-treated and the insulin-treated groups, the cholesterol levels decreased, but these changes were not significant. However, the combination treatment significantly decreased the plasma cholesterol. In the 8-week study, the total cholesterol levels were increased significantly in the untreated diabetic group. Although the oral administration of dapagliflozin alone did not significantly decrease the plasma cholesterol levels, it was significantly reduced in diabetic rats treated with insulin alone or in combination with dapagliflozin ([Table 1](#tbl_001){ref-type="table"}Table 1.Plasma total cholesterol, plasma triglyceride, liver glutathione and liver superoxide dismutase activities at the end of the 3-week and 8-week studiesControlDiabetic untreatedDiabetic with dapagliflozinDiabetic with insulinDiabetic with combinationPlasma total cholesterol (mg/d*l*)3-week67.0 ± 7.8116.5 ± 34.3^a)^81.3 ± 16.781.5 ± 7.975.6 ± 4.0^b)^8-week60.8 ± 5.7104.0 ± 13.5^a)^95.0 ± 25.362.0 ± 14.5^b)^58.0 ± 13.3^b,c)^Plasma triglyceride (mg/d*l*)3-week141.8 ± 32.5643.3 ± 98.2^a)^569.7 ± 186.8^a)^278.5 ± 233.2^b)^151.3 ± 67.6^b,c)^8-week152.5 ± 31.8453.0 ± 192.6531.5 ± 196.4^a)^283.5 ± 162.592.5 ± 47.3^b,c)^Liver glutathione (nmol/mg protein)3-week15.8 ± 2.65.0 ± 1.4^a)^9.3 ± 2.1^a)^10.8 ± 1.9^a,b)^12.3 ± 1.9^b)^8-week24.3 ± 1.98.0 ± 2.2^a)^9.5 ± 5.9^a)^21.8 ± 4.6^b,c)^19.4 ± 4.8^b,c)^Liver superoxide dismutase activities (U/mg protein)3-week617.8 ± 130.9386.3 ± 61.5^a)^337.3 ± 107.5^a)^326.8 ± 88.2^a)^370.3 ± 64.4^b,c)^8-week556.3 ± 85.3389.5 ± 70.1368.7 ± 69.1642.8 ± 150.0^b,c)^706.3 ± 120.1^b,c)^The values are expressed as mean ± standard deviation. a) *P*\<0.05 versus control group, b) *P*\<0.05 versus diabetic untreated group, c) *P*\<0.05 versus diabetic treated with dapagliflozin group.).

In the 3-week study, the plasma triglyceride levels were significantly increased in the untreated diabetic group and the dapagliflozin-treated group compared with the control group. However, treatment with insulin alone and in combination with dapagliflozin significantly decreased triglyceride levels. In the 8-week study, the untreated diabetic group exhibited increases in plasma triglyceride levels, but these were not significant. The diabetic group treated with dapagliflozin showed significant increase in triglyceride levels. In the insulin-treated group, the triglyceride levels decreased, but these changes were not significant. In contrast, the triglyceride levels were significantly decreased in diabetic rats that received the combination treatment ([Table 1](#tbl_001){ref-type="table"}).

In the 3-week study, the liver GSH levels significantly decreased in the untreated diabetic group and the dapagliflozin-treated group compared with the control group. The insulin-treated group also exhibited a significant decrease in GSH compared with the control group, but a significant increase compared with the diabetic untreated group. The GSH levels were significantly increased in the combination-treated group. In the 8-week study, GSH levels were significantly decreased in both the untreated diabetic group and the dapagliflozin-treated diabetic group; however, the insulin- and the combination-treated groups showed a significant increase ([Table 1](#tbl_001){ref-type="table"}).

In the 3-week study, the SOD activities in the liver were significantly decreased in the untreated diabetic group and three of treated groups. In the 8-week study, the liver SOD activities were decreased in the untreated diabetic group and the dapagliflozin-treated diabetic group, but were not significantly different to the control group. However, the insulin-treated group and the combination-treated group showed a significant increase compared with the untreated diabetic group and the dapagliflozin-treated diabetic group ([Table 1](#tbl_001){ref-type="table"}).

In the pancreas, the control animals showed several normal islets of Langerhans, which were normally scattered in the acinar glands. The cells in these islets of Langerhans had a homogenous, eosinophilic cytoplasm with round-to-oval nuclei containing fine chromatin. The diabetic animals had few islets of Langerhans, and these were small in size, and contained atrophic islet cells with a scant cytoplasm and condensed nucleus. These islets of Langerhans were similar in appearance to those in the dapagliflozin-treated group. The size of the islets of Langerhans in the insulin- and the combination-treated groups had nearly returned to normal; however, several cells in the periphery were still atrophic with a relatively scant cytoplasm and condensed nucleus. In the center of the islets, the cells appeared to have a normal eosinophilic cytoplasm with round or oval nuclei containing fine chromatin. There were no pathological changes in the acinar or ductal cells ([Fig. 3](#fig_003){ref-type="fig"}Fig. 3.Representative images of histopathological findings in the pancreas in the control group (A), diabetic untreated group (B), dapagliflozin (0.1 mg/kg)-treated group (C), high-dose insulin (3--5 U/rat) group (D), combined treatment of insulin (1.5--2.5 U/rat) and dapagliflozin (0.1 mg/kg) (E). (A) A normal islet of Langerhans. (B, C) An atrophic islet of Langerhans. (D, E) A normal-sized islet of Langerhans. Note the swollen cells in the center and small, densely packed cells in the periphery. H&E stain. Scale bar=100 *µ*m.).

In the liver, the hepatocytes of control animals had normal lobular structures, which had a granular or vacuolated eosinophilic cytoplasm with round or oval nuclei containing fine chromatin. The diabetic animals showed a homogenous, eosinophilic cytoplasm with a relatively condensed nucleus. Similar changes in the hepatocyte appearance were observed in the dapagliflozin-treated group (not included in [Fig. 4](#fig_004){ref-type="fig"}Fig. 4.Representative images of histopathological findings in the liver (A--F), and kidney (G--L) in the control group (A, D, G, J), diabetic untreated group (B, E, H, K), and combined treatment group, of low-dose insulin (1.5--2.5 U/rat) and dapagliflozin (0.1 mg/kg) (C, F, I, L). (A) Normal hepatocytes with a granular or pale cytoplasm in the centrilobular region. (B) Hepatocytes with a homogenous eosinophilic cytoplasm in the centrilobular region. (C) Normal hepatocytes with a granular or pale cytoplasm in the centrilobular region. (D) Glycogen deposition in the hepatocytes, as indicated by the arrowheads. (E) No glycogen deposition in the hepatocytes. (F) Glycogen deposition in the hepatocytes, as indicated by the arrow heads. (G) Normal proximal and distal tubules. (H) Renal epithelial cells with a clear cytoplasm in the distal tubules, as indicated by the arrow. (I) Normal proximal and distal tubules. (J) No glycogen deposition in the epithelial cells of distal tubules. (K) Glycogen deposition in the epithelial cells of distal tubules, as indicated by the arrows. (L) No glycogen deposition in the epithelial cells of distal tubules. (A--C, G--I) H&E stain; (D--F, J--L) PAS reaction. Scale bar=100 *µ*m.). After treatment with insulin or the combination of insulin and dapagliflozin, the hepatocytes became normal in appearance with a granular or vacuolated eosinophilic cytoplasm with a round to oval nucleus containing fine chromatin. There were glycogen deposits in the hepatocytes of the control animals ([Fig. 4D](#fig_004){ref-type="fig"}) and in those of animals that were treated with a combination of insulin and dapagliflozin ([Fig. 4F](#fig_004){ref-type="fig"}). Similar glycogen deposits in the hepatocyte appearance were observed in the group treated with insulin alone (not shown in [Fig. 4](#fig_004){ref-type="fig"}). Clear deposits of glycogen were not detected in the hepatocytes of the diabetic animals ([Fig. 4E](#fig_004){ref-type="fig"}). In addition, clear deposits of glycogen were not detected in the hepatocytes treated with dapagliflozin (not included in [Fig. 4](#fig_004){ref-type="fig"}).

In the kidney, control animals had normal nephrons that contained glomeruli and proximal and distal renal tubules. The cells of the proximal renal tubules had a round or oval nucleus and a homogenous, eosinophilic, cuboidal cytoplasm with prominent brush borders. In contrast, the cells of the distal renal tubules had a relatively thin, weakly eosinophilic cytoplasm with no prominent brush borders, but had a round or oval nucleus. The intraluminal spaces in the distal renal tubules were wider than those in the proximal renal tubules. In the diabetic animals, the cells in the distal renal tubules that were swollen had a clear cytoplasm, prominent cell boundaries, and a condensed nucleus ([Fig. 4H](#fig_004){ref-type="fig"}). Similar morphologies were observed for cells in the renal tubules in the dapagliflozin-treated group (not included in [Fig. 4](#fig_004){ref-type="fig"}). Glycogen deposits were observed in the swollen cells of diabetic animals ([Fig. 4K](#fig_004){ref-type="fig"}). Similar glycogen deposits were observed in the dapagliflozin-treated group (not shown in [Fig. 4](#fig_004){ref-type="fig"}). With the combination treatment, the proximal renal tubules became normal in appearance with a round or oval nucleus, and a homogenous, eosinophilic, cuboidal cytoplasm with prominent brush borders, similar to the control animals ([Fig. 4L](#fig_004){ref-type="fig"}). Similar morphologies were observed for cells in the renal tubules in the insulin-treated group (not included in [Fig. 4](#fig_004){ref-type="fig"}).

DISCUSSION {#s3}
==========

The marked increase in the incidence of DM requires new therapies to target this chronically devastating disease and its complications \[[@r17]\]. Hyperglycemia damages the blood vessels and nerves; in turn, this develops into major diabetic complications. However, intensive treatment for hyperglycemia is known to lower the risks of these complications in patients with diabetes \[[@r42]\]. Among the various anti-diabetic drugs, SGLT2 inhibitors have a unique mechanism of action. These drugs increase urinary glucose excretion, thereby lowering the blood glucose concentration \[[@r37]\]. Currently, SGLT2 inhibitors are the focus of interest for a possible therapy for DM. In our study, dapagliflozin was used in combination with a low dose of insulin for the treatment of type 1 DM. This combination may help to decrease the potential side effects associated with insulin treatment alone, such as hypoglycemia. We also compared the effect of this combination treatment with the effects of each drug alone.

Insulin is the most common and effective treatment for type 1 diabetes. The effect of insulin on glycemia occurs through cellular glucose uptake mediated by glucose transporter type 4 (GLUT4) \[[@r19]\], and the inhibition of glycogenolysis and gluconeogenesis \[[@r9]\]. Our results showed that treatment with 1.5--2.5 U of insulin in combination with dapagliflozin significantly decreased the blood glucose level, to a similar level as treatment with 3--5 U of insulin alone. These results were comparable with those in a previous study \[[@r23]\], that showed that, in STZ-treated rats, the combination of low insulin dose with empagliflozin decreased blood glucose levels to a level similar to that of monotherapy with a full dose of insulin, suggesting that empagliflozin has an insulin-sparing effect. Furthermore, treatment using empagliflozin alone decreased the blood glucose levels in the type 1 DM animal model. However, our results showed that treatment with dapagliflozin alone did not significantly decrease the levels of blood glucose ([Fig. 1](#fig_001){ref-type="fig"}).

Body weight was significantly lower in untreated diabetic rats compared with the control rats. The lower body weight in type 1 DM indicates the catabolic state of poorly controlled glycemia. Under these conditions, the metabolic processes, lipolysis, and oxidative degradation of amino acids are increased; they degrade the greatest energy and tissue reserves in the animal, thereby decreasing the body weight \[[@r27]\]. The body weight was not improved by dapagliflozin treatment, which may be attributable to the continuous catabolic state. In the insulin- and the combination-treated groups, body weight was significantly improved and comparable with the control group, perhaps owing to an improvement in the catabolic state as an outcome of the proper glycemic control in these animals ([Fig. 2](#fig_002){ref-type="fig"}).

Abnormalities in the lipid profile are one of the most common complications of DM \[[@r21]\]. Insulin not only plays an important role in glucose metabolism, but also in lipid metabolism. Therefore, insulin deficiency is closely correlated with abnormalities of lipid metabolism in type 1 diabetes \[[@r39]\]. In this study, insulin treatment improved the triglyceride levels in both studies; however, insulin only reduced hypercholesterolemia in the 8-week study. Our results agreed with another study \[[@r11]\] that stated that the effective insulin treatment improved the plasma lipid profile; however, the non-significant decrease in the triglyceride levels in the 8-week study could be attributable to the variations in the values within the insulin-treated group. The administration of insulin in combination with dapagliflozin reduced hypertriglyceridemia and hypercholesterolemia in both studies and achieved similar or possibly better results than the insulin treatment alone ([Table 1](#tbl_001){ref-type="table"}). These results suggested that the administration of dapagliflozin in combination with a low dose of insulin could reduce hyperlipidemia, which is a better effect than treatment with a full dose of insulin alone. Hence, this treatment may reduce the risk of diabetic complications.

Chronic hyperglycemia produces reactive oxygen species (ROS) through various mechanisms, including the advanced glycation end-product formation, the polyol pathway, glucose auto-oxidation, and overproduction of mitochondrial superoxides \[[@r1]\]. These mechanisms negatively impact the ability of the antioxidant defense system to correct and balance the ROS overproduction \[[@r34]\]. The combination of the increased production of ROS and decreased capacity of the cellular antioxidant defense system results in diabetic oxidative stress \[[@r37]\]. Thus, the reduction of hyperglycemia may be a helpful measure to decrease oxidative stress \[[@r29]\].

Glutathione, a major endogenous antioxidant, ameliorates free radical-mediated damage. Studies have shown that the tissue GSH concentrations in STZ-induced diabetic rats were significantly lower than those in the control rats \[[@r10]\]. The decreased GSH levels in diabetic rats may be due to its increased consumption that is required to relieve oxidative stress \[[@r4]\]. This is consistent with our results that GSH levels were significantly decreased in the diabetic untreated group and the dapagliflozin-treated group. In addition, the depletion of hepatic GSH was corrected with insulin treatment; this finding was consistent with those of previous results \[[@r20]\]. In the combination-treated group, the GSH levels were similar to the insulin-treated group ([Table 1](#tbl_001){ref-type="table"}).

Superoxide dismutase is an important defense enzyme that catalyzes the dismutation of superoxide radicals to produce hydrogen peroxide and molecular oxygen \[[@r25]\], subsequently reducing the toxic effects caused by their radicals \[[@r34]\]. It was reported that in uncontrolled diabetes, the activity of superoxide dismutase was decreased \[[@r7]\] as a result of SOD glycation \[[@r18]\]. In this study, the SOD activity was low in the diabetic untreated group and the three treated groups. The SOD activity was significantly improved after 8 weeks of treatment with insulin alone and insulin in combination with dapagliflozin ([Table 1](#tbl_001){ref-type="table"}). Our results suggest that the combination of dapagliflozin with a low dose of insulin significantly improved the antioxidant status in diabetic rats, with an effect that was similar to a full dose of insulin alone. This improvement may be due to the antihyperglycemic effect of the treatment, which reduces the oxidative stress burden.

In the pancreas of the untreated diabetic rats and dapagliflozin-treated rats, the islets of Langerhans were noticeably smaller than those of the control rats. However, insulin treatment and the combined insulin and dapagliflozin treatment improved the size of the islets of Langerhans ([Fig. 3D or 3E](#fig_003){ref-type="fig"}). Our results were consistent with those of a previous study, in which at 8 weeks after STZ injection, the islet size was significantly decreased compared with the control rats, and insulin treatment improved the islet size in diabetic rats \[[@r26]\]. However, there were swollen cells in the center and small, densely packed cells in the periphery of normal-sized islets in the rats treated with insulin or the combination of insulin and dapagliflozin ([Fig. 3E](#fig_003){ref-type="fig"}). These findings implied that insulin secretion has not functionally improved in normal-sized islets over the 8-week experiment. However, blood glucose levels were controlled for up to 8 weeks by the same dose of insulin and dapagliflozin ([Fig. 1](#fig_001){ref-type="fig"}) and hypoglycemia was not seen in any treated rats. Therefore, further studies are needed to confirm the effect of the combination treatment of insulin and dapagliflozin on the islets of Langerhans.

The liver of the untreated diabetic rats and dapagliflozin-treated rats showed glycogen depletion in the hepatocytes. These changes were confirmed by the PAS reaction, which is specific to glycogen. The decrease in hepatic glycogen content in diabetes is due to the lack of insulin in the diabetic state, which results in the inactivation of the glycogen synthase systems \[[@r36]\]. However, in the insulin- and combination-treated groups, this glycogen depletion was reversed, and was most likely caused by the re-activation of the glycogen synthase systems in a normal insulin-controlled state ([Fig. 4](#fig_004){ref-type="fig"}).

The kidneys of the untreated diabetic rats and the dapagliflozin-treated rats showed glycogen deposits in the distal convoluted tubules. Our results are consistent with those of a previous study \[[@r33]\] that observed that prolonged hyperglycemia was the only driving force for glycogen accumulation in the renal tubules. As diabetes is prolonged, more glycogen accumulates and spreads into the renal tubules. However, it is not yet clear whether glycogen accumulation in the renal tubules is an inevitable change in the diabetic condition in humans, as an early phase in pathogenesis that will contribute to the end-stage diabetic nephropathy that is always associated with the end-stage nephropathy, or if it has a role in inducing a pathway that leads to the pathophysiological changes observed in diabetic nephropathy \[[@r3], [@r32]\]. These renal changes were reversed in the insulin- and combination-treated groups, as shown by the glycogen deposits in the liver tissues ([Fig. 4](#fig_004){ref-type="fig"}).

Our results suggested that in type 1 DM, the combination treatment of dapagliflozin with a low dose of insulin was able to correct hyperglycemia, which, in turn, improved the lipid profile and antioxidant status. These effects may help to reduce the risk of diabetic complications and hypoglycemia. Furthermore, the effect of this combination treatment appears to be more potent than that of dapagliflozin treatment alone; however, further investigations are required. In conclusion, the combination of dapagliflozin with a low dose of insulin is a potential treatment for patients with type 1 DM.
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